•,1ty, Codes
1
..
I. 11NTRODUCTION
The development o" a better understanding of the transfer of energy from an incoming laser beam to the target material it strikes is a research goal of the Wave-Matter Interaction Group at the Polytechnic. To accompany our ongoing theoretical reaearch program we have begun an experimental program to measure parameters which monitor the state of the target material in real time on a nanosecond or taste: time scale. Although we would like to be able to measure directly parameters such as the target surface temperaturt, for example, on such a time scale, it is extremely difficult to measure temperature directly even on a microsecond time scale. However, since the reflectance of the target can be measured in real time with sub-na~nosecond resolution, it may be a crucial and process revealing parameter in following the transfer of energy from an intense laser beam to a metal target surface. For opaque targets such as metals, the absorbence is one minus the reflectance. Thus, the temporal behavior of their surface temperatures, which cannot be directly measured on such a fast time scale, can then be calculated from the measured reflectance.
At present, materials processing applications are usually carried out at incident laser power densities <c l 7 W/cm 2 t vi lsafrainah target surface. The effect of a plasma has been unpredictable and difficult to control. When located close to the target, the plasma can enhance the coupling, and when further removed, it can completely shield the target from the laser. With a better understanding of the initiation and energy transfer processes during plasma formation, we may expect that materials processing applications could utilize the considerably higher power densities, as high as 10 1 5 W/cm 2 , which are now available from lasers. Not only could applications of increasing scale be considered, but fluid dynamic effects could be utilized to make these processes more efficient.
Our aim then is to relate changes in the target's reflectance to physical changes taking place at the metal surface, such as surface deformation, saip, melting, plasma formation, ejection of liquid metal, etc. The reflectance behavior of a metal surface irradiated by an intense laser pulse must be * consistent with the laser energy absorbed, the metal surface temperature attained, and the surface damage produced.
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During this AFOSR program, we have measured. both the specular and total reflectance* of vapor-deposited copper surfaces during irradiation by a Q-switched ruby laser. We have calculated the las..ar energy absorbed a.d determined the temperature of the copper target surface using a one-dimensional heat conduction approach. Finally, we have related the reflectance and temperature histories to any permanent change or dmnage observed in the copper target material.
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I.
TARGET REFLECTANCE BEHAVIOR Experimentally, the reflectance of a metal surface has been reported to undergo a sharp and substantial decre&Lse during an intense laser pulse.
For incident laser power densities above threshold values which lie between 10 and 10 9 W/cra2, the measured reflectance of a metal surface drops significantly before partially or totally recovering as indicated by the curves in Figure Ia . This type of reflectance change was first reprtted by Bonch-1 Bruevich et al. during individual spikes -400-ns FWI-HA (Full Width at HalfMaximum intensity) within a millisecond 1. 06-g Nd glass laser pulse on targets of silver, copper, aluminum, dural and steel as indicated.
There are three distinct regions within a generalized reflectance curve as illustrated in Figure lb : first, AB -an initial steep decrean3e to -one-half of the initial reflectance; second, BC or BC' -a plateau region during which the reflectance remains approximately constant; and third, CID, -a complete reflectance recovery, or for higher intensity laser pulses CD, a further decrease to -one-tenth of the initial reflectance followed by a partial recovery. on the metal target surface. Ready, using a 10.6-CO 2 laser, and von Allmen 9 using a 1. 06-p Nd laser on metal targets, found substantial and permanent changes from specular to diffuse reflectance during the laser pulse.
Ready used a probe laser to subtract plasma absorption and concluded that no recovery of reflectance occurred during or after the pulse. An ellipsoidal light collector was employed by von Allmen in front of a copper target in air.
He found no significant change in the total reflectance until the metal surface No luminosity was observed and no significant permanent loss of the high specular reflectivity was detected.
An undlerstanding of the metal surface reflectance behavior during an intense lasez pulse is lacidng at present. In addition to Bonch-Bruevich's suggestion that the initial steep decrease in reflectance is as3ociated with the heating of the metal surface to melting, three classes of alternate explanations have been offered for the steep decrease in metal target reflectance during an intense laser pulse: 1) surface deformation, 2) plasma formation, or 3) nonlinear process. Before discussing these, we shall first examine the change in reflectance expected when a metal is heated to its melting point.
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Ill. FREE ELECTRON MODEL
The Fresnel expression for the reflectivity, R, of radiant intenhity at normal incidence on the suriace of a homogeneous substance is12t 13
R=1L
where n is the complex refractive index. From the viewpoint of optics, the complex 'ndex of refraction may be expressed in terms of the optical constants n and k of the material S=n-ik where n is the index of refraction and k is the extinction coefficient.
In the Drude or free electron model, a metal is viewed as a gas of free electrons which interacts with a background positive-ion lattice represented by phonons. The complex index of refraction then may be expressed in terms of the plasma frequency W 4TT~e 2/rn tht average electron-phonon collision frequency a v c and the frequency of the ticidenit light WI.
Ft zrc/), light When the temperature is raised to the melting point, no significant change in the free electron density is expected for a metal whose bancigap is much greater than the thermal energy change. Therefore, no appreciable -6-change is expected in the plasma frequency W . The phonon density, however, may increase significantly and hence also may the electron-phonon collision frequency and v. Figure 2 shows the dependence of the Fresnel reflectivity on the collision frequency for neodymnium and ruby laser frequencies normally incident on a copper surface.
There has been considerable variation in the room-temperature reflectance measurements of many metals. Since the absorption depth, ',/2rrk, is only a few hundred angstroms at most for metals in the visible-near infrared spectral region, the measured reflectances of metals are very sensitive to the method of preparation of the surface as well as to the history of the surface from preparation to measurement. When the metallic surface is produced by polishing, mechanical stress can deform the surface by producing 14 an amorphous layer which may be several hundred angstroms thick. Even more detr.xnental is the embedding of polishing-compound particles which is more likely to take place in soft metals: copper, aluminum, etc. If an oxide layer is allowed to form, the reflectance measured will not be that of the pure phonon spectrum and N-scattering processes on a spherical Fermi surface.
Both the Debye temperature and the electron distribution were considered to be independent of temperature in the 300 0 K to melting point region.
Ujihara's results for several metals at ruby and Nd wavelengths are shown in Figure 3 claim to have confirmed Ujihara's theoretical reflectivity curves using a ruby laser on copper and aluminum targets and calculating the surface temperature on the basis of a one-dimensional heat flow model. (13) for (7) Figure 5 .
The solid curve in Figure 5 shows the temperature dependence of the reflectivity of copper calculatLd by Ujihara. The dotted curve extends Ujihara's analysis down to 77 K, The optical properties of copper have been measured polarime .r cally in ultra-high vacuum (- in Figure 5 . The discrepancy between theory and experiment is substantial. However, when the improved data listed in Table 1 -10-including a correction for the anomalous skin effect. With these improvements in the input data used in the Ujihara theory, we may conclude:
(1) the reflectance of liquid copper 23is 85, not 65, and (2) it is unlikely that the temperature dependence of a Drude-tvpe free-electron model can exph.in the substantial reflectance 17 changes reported for high-conductivity metals such as copper
In Figures 6a and 6b , the temperature dependence of the optical constants n and k, and the free-electron model constants W and %v , are disp played and compared with the polarimetric measurements of Peils and Shiga. 19 As expected, it is evident that the plasma frequency does not change significantly with temperature. The plasma frequency can be determined from the optical constants n and k or from the free electron density
22
and effective mass N and m*. When the most precise n and k values are used to determine W for Ag, Cu and Au, good agreement is obtained with p W values determined from N and m*, using the effective mass values of p Schulz. Also, the effective mass for electrons in Cu determined by Schulz from optical properties at 2ýL is nearly identical to the value from electronic 20 specific heat determinations.
It is also evident in Figure 6b that the electron-phonon collision frequency undergoes a much smaller increase (-4) when copper is heated from room temperature to its 1356°K melting point than that required (> 20) to produce the substantial reflectance drop to Finally, it is clear from the plots of n and v c in Figure 6 that even with the improved input data listed in Table 1 , the theory of Ujihara does not have the correct functional dependence with temperature for either the index of refractioL. or the electron-phonon collision frequency for T< 5000K. Refinements such as a departure from sphericity of the Fermi surface and more than one electron-phonon collision frequency could be considered to improve the Ujihara treatment.
-11- Experimentally, the reflectance of the metal surface is obtained by dividing the reflected pulse by the incident laser pulse. For a 30-ns laser pulse, even a time registration error as small as I ns between these two pulses can cause a significant error in the measure,-reflectance. This is indicated in Figure 7 where the solid pulse curve represents 30-ns FWHIM The copper target surfaces were produced by vacuum-deposition on a glass plate of good optical quality. Evaporation and rf sputtering have each 0 been used to produce copper films -2000A thick. T'-e sputtered copper deposit exhibited stronger adhesion to the glass base. plate than did the evaporated coating. Following vacuum deposition. Lhe copper deposit on the glass plate was backed up by electroplating to prodLtce a mechanically-strong copper target a few mm thick. Thus prepared, the copper target was kept attached to the glass plate until required for the reflectance measurements.
Then the glass was detached and the vacuum-deposited copper target placed in the vacuum chamber. In this way an oxide-free copper surface could be prepared and protected until the measurements were taken. As indicated in Figure 8 , the targets were located in a vacuum chamber, and a mechanical pump reduced the chamber pressure below 0. 1 Torr to avoid air breakdown at the target surface.
The specular reflectance measurements are indicated in Figure 8a .
The 40% reflected beam from the beamsplitter was focused onto the target with a 50-cm focal length 15-cm diam quartz lens. At the focused spot -0. 5-mm diarn a maximum intensity of 109W/cmr2 was obtained without any filters.
This was determined from a measured energy of 75mJ on the target. Corning glass filters were used as attenuators to adjust incident reflected and detected intensities. Four aluminized mirrors were used to provide an air path delay of -65ns for the sample of the incident laser pulse.
In the total reflectance measurements, an integrating sphere was used as indicated in Figure 8b Both the reflected pulse and the sample laser pulse were directed into the integrating sphere for the total reflectance measurements. Because of the pulse-lengthening property of the integrating sphere, a longer air delay path, -50m, was rea-'ed to avoid overlapping the reflected and sample laser pulses. After tI . air path delay, as shown in Figure 8b , the sample of the incident laser pulse was sent through a second entrance window directly onto the integrating sphere surface; however, it was not focused on the sphere.
For each reflectivity measurement, a Polaroid picture was taken of the Tektronix 519 oscilloscope trace showing a reflected pulse followed by a sample incident laser pulse. To facilitate data analysis the pictures were enlarged by a linear factor of 6, as shown in Figure 9 . Fig. 9 . Enlargemnentofanoscilloscope trace showing the specularly-reflected pulse from an evaporated-copper target surface and a sample of the incident 3. l5x 10 W/cn 2 ruby lase r pulse. The horizontal time scale is 50 ns/large division.
-16-densities, -2. 5, and 9xl0 8 watts/cm 2 . The curves shown are a normalizedI incident laser pulse. the reflected pulse and the metal target's raflectance behavior which is the ratio of the two pulse curves. The laser energy absorbed was calculated from these results and the temperature history of the metal surface determined using a one-dimensional heat-conduction appr(%ach as described ir. Section V.
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V. TEMPERATURE OF THE METAL SURFACE
When laser radiation strikes a metal surface, the light not reflected is absorbed in a thin layer 10 -10-cm thick. The energy is absorbed by electrons which equilibrate with the lattice vibrations in a time << 10 sec.
For nanosecond or longer laser pulses, therefore, the laser radiation absorbed may be considored to be immediately converted into heat and available for conduction int, the metal. For a laser pulse of -30ns duration, the thick- -4 ness of the region heated during the laser pulse is -*x or 10 cm which is very small compared with the thickness of the usual metal target. (K is the thermal diffusivity, 0.91 cr 2/sec for copper.) Therefore, the absorbed energy may be treated as a surface heat source propagating into a metal of semi-infinite dimensions. The heat flow equation is:
, t KV T(r., t) + -P pc where T is the temperature of the metal as a function of position on the surface r and time t; K is the diffusion coefficient, p the density of the metal, c the p specific heat of metal at constant pressure, CL the attenuation coefficient and q (r,t) is the intensity of the absorbed laser radiation on the surface. The 0-dimension z is the moving coordinate into the metal perpendicular to the surface, and z=0 is the boundary surface on which laser radiation is incident.
The boundary conditions are dT/dz = 0 for z < 0, that is, no return heat flow, and T(z oc, t) = *o, The initial condition is T(r, 0) = T where TO ia the ambient temperature. We shall assume a Gaussian spatial intensity distribution of the absorbed laser radiation
where P(t) is the power absorbed from the incident radiation, w is the radius of the irradiated spot and r is the distance from the beam axis on the surface The solution of Eq. (3) for absorbed power P(t) is given by the time convolution of the Green's function and P(t).
where qt)
aince w»>-I•forwfa0.1 cm, Kclcm /sec andt-100nsec. The ternperature of the metal surface T(t) T(O, 0, t) is t T(t)
0 r r l~ -
where K= pC pK is the thermal conductivity of the metal. In the presence of energy loss mechanisms, such as melting, vaporization, etc., q(t') is replaced by a net heat input f(tP) u q(tI)-I (tI). The loss term A(t) represents all heat loss processes besides conduction and is treated as a function of the surface temperature, i.e., A CT(t)]. For convenience, a Gaussian spatial loss distribution has been assumed. Thus, the general expression for T(t)
is given by
Not only is the solution given by Eq. (9) more compact than a LaPlace transform solution, but Eq. (9) also has a clear physical interpretation since f(t)Jit represents the energy absorbed in the affected volume and 1/pc is p the specific heat factor which converts the absorbed energy to a temperature change. Moreover, the integration in Eq. (9) can easily be carried out for any function f(t) provided the function f(t) can be approximated by a polynomial expansion in t for each region of the integration interval.
As the incident laser radiation is absorbed, the surface temperature of the metal inc-eases until it reaches the melting point. Then while the metal absorbs the energy corresponding to the latent heat of fusion the surface temperature remains constant. The thicIness of the molten layer depends on the intensity of the absorbed laser radiation and on the thermal properties of the metal. After a molten surface layer is formed, the temperature of the liquid metal increases further until substantial vaporization occurs. An appreciable amount of the absorbed energy is then spent in supplying the evaporation energy and excess kinetic energy of the vapor which significantly reduces the surface heating rate. Unless the vapor has a low ionization energy, the vapor cloud remains transparent to the incident beam.
On the other hand, the resultant high vapor pressure exerts a force on the molten layer under the irradiated -pot. When the tangential shear force cue to the high vapor pressure exceeds the surface tension of the liquid metal, the molten layer starts to move out of the irradiated zone. At this point perhaps it should be noted that the effects of radiation pressure of the incident beam for the laser pulses considered (107 -10 9 W/cr ;2 30nsec FWHM), and the surface tension gradients on the molten layer arising from the nonuniform temperature distribution due to the Gaussian laser-beam intensity distribution assumed across the irradiated region are smaller by many -z1-J orders of magnitude than the effects of high vapor pressure.
When liquid metalinI removed from the irradiated son*, part of the absorbed laser energy is required to malt and heat the surface of the freshly exposed spot to the temperature of the departed surface layer. From the point of view of an observer in a coordinate system located on the metal surface, the ejection of liquid metal slows the conductive heating process.
When the intensity of the absorbed laser radiation is high enough (10 9 W/cm 2 ) for the metal surface temperature to increase beyond the boiling point of the metal, the incoming laser radiation may interact with the dense vapor cloud in front of the surface. Now the reflection of the incident beam takes place in a region with a gradual change of density. and consequently of refractive index, instead of at the sharp boundary between two distinct phases. At this point the absorption mechanism of the incident laser radiation is switched from the metal surface to the dense vapor layer in front of the metal. A further increase of the vapor temperature can result in appreciable excitation, ionization, and plasma formation. The plasma can now increase the coupling between the laser radiation and the metal surface. Later, when the plasma moves away from the metal target surface, a decoupling will take place.
Temperature histories were determined 2 9 for the metal targets using Eq. (9). The laser power absorbed, q(t), was determined from the measured incident laser pulse and the measured total reflectance (e.g. Fig. 11) . Heatloss processes in addition to conduction, 1(t), were treated as a function of temperature and terms were included for melting, vaporization, expulsion of liquid metal and solidification in the appropriate temperature regions, The thermal conductivity and specific heat were also changed from measured values for the solid to those for the liquid in the appropriate temperature region. The integration of Eq. (9) was carried out using a trapezoidal approximnation and an iterated substitution method. Table 2 gives the ternperature histories for the three ruby laser -copper target interactions whose reflectances were measured in Figure 11 . Surface temperatures above the boiling point of copper, 2840 0 K, are probably excessive because additional loss mechanisms such as absorption by the dense vapor layer and plasma formation are not included in this calculation. An additional increase in incident laser power density to -9 x 108 Wcm2 continues the decrease in specular reflectance (Figure 10c compared with 10b) .
Permanent target surface damage is more severe and the crater site is more extensive. The recovery in the total reflectance behavior which is evident in Figure   , 'Ac is caused by a "light flash" produced by emission of light from a plasma that is formed at or in front of the metal surface. The spectral content of this ligr.i includes sharp emission lines from neutral copper atoms, copper ions and copper dimers (Cu 2 molecules). -24-
VII. PROBE LASER REFLECTANCE MEASUREMENJTS
When light from the high-power laser pulse is used to provide the r optical measurement of target reflectance, the signal is only present and hence the reflectance measurement can only be carried out during the short time period of the laser pulse length. During the initial portion of the risetime and the final portion of the trailing edge of the laser pulse, the signalto-noise ratio of the reflectance measurement deteriorates. Thus, precise reflectance measurement can only be made for a time period somewhat greater than the FWHM which was -3Ons for the ruby laser used in our experiments. If a cw probe laser were focused to a spot on the target which is entirely within the focused spot of the ruby laser, then a second set of reflectance measurements could be taken using the cw probe laser. Probe laser reflectance measurements would provide two types of additional information to assist in our understanding of the processes involved: 1) reflectance measurements over much longer time periods, and 2) reflectance measurements at a second wavelength. Reflectance measurements over longer time periods would provide more sensitive measurements during the initial stage when the high-power laser is turning on as well as through the maximum target surface temperature period as the high-power laser is turning off and also into the cooling region as the surface resolidifies. Reflectance measurements at a second wavelength can also be important in identifying the role of nonlinear processes in accounting for the steep reflectance drop shown in Figure 1 . Both reflectances would be expected to be the same except when a nonlinear process such as enhanced absorption causes a decrease in reflectance at the high-power laser frequency but not necessarily also at a second, non-resonant low-power probe laser frequency.
0
The 6328 A helium-neon laser is a readily available cw probe laser. It 0 is close enough to the 6943 A ruby laser to produce nearly the same response from our detection system and is also close enough to avoid exciting interband transitions in targets like copper. In addition, the visible output facilitates the alignment of its focused spot to ensure that it is entirely We were able to carry out specular reflectance measurements using a Ho-Ne probe laser when a Jarrell-Ash 0.5 m Ebert spectrometer with a single 6328 A interference filter in front of the entrance slit was used to provide wavelength discrimination. Even with this arrangement a small light pulse was detected when the He-Ne probe laser was turned off. While the specularly reflected beam is collimated and can be focused into the acceptance angle of a spectrometer. the output beam from the integrating sphere has a 2rr steradian solid angle and too great a light loss to utilize a spectrometer in carrying out total reflectance probe-laser reflectance measurements.
Alternate approaches are: 1) use a dye laser with greater power out-0 put and somewhat greater separation from the 6943 A ruby laser, or 2) choose a probe laser whose wavelength is longer than the ruby such as a cw YAG at 1.06 p. Then cut-on transmission filters would provide much easier discrimination against the higher-power but now shorter wavelength ruby laser. One problem with this second approach is that the probe laser beam would not be visible and there would be much greater difficulty insuring that its focused spot was entirely within the focused ruby spot.
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VLTI. CONCLUSIONS
Thus far we may conclude that specular reflectance is a sensitive indicator of surface deformation. On the other hand, total reflectance measurements show that until the surface temperature of a metal target reaches the vicinity of the boiling point, no significant deviation is observed in the reflectance from that given by a Drude free-electron model. These results are In this way our understanding of the laser-material interactions will improve and the high-power densities available from lasers can be more fully utilized in a wide variety of material processing applications.
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